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ARTICLE INFO ABSTRACT

Editor: Dr. Maoyan Zhu Wiwaxia is a well-known Cambrian animal and a relative of annelids and molluscs, characterized by its densely

arranged, imbricated dorsal sclerites. Despite its prevalence in the fossil record, the scarcity of articulated

Keywords: specimens leading to persistent uncertainties regarding its morphological diversities and evolutionary history has
Wiwaxia . fueled ongoing investigations. This study presents an additional articulated specimen and isolated sclerites from
&fge;;ihale'type preservation the Cambrian Stage 4 Douposi Formation in Yunnan Province, South China, representing a new spe-
Distrrp;butigr{ cies—Wiwaxia douposiensis sp. nov. The newly described materials, originating from a new Cambrian Konservat-
Cambrian Lagerstatte, exhibit typical Burgess Shale-type preservation. They unveil a distinctive two-order rib pattern and

aspect ratios of sclerites. The temporal and spatial distribution of Wiwaxia suggests a potential origination
centered in South China during the Cambrian Age 3, with an expanding pattern from shallow to deep waters and
from warm-humid to dry-cold climates during the Cambrian Age 4 to Drumian. Statistical and phylogenetic
analyses highlight the dual aspects of conservative aspect ratios in sclerites, and morphological variations

observed at the species levels within Wiwaxia.

1. Introduction

Wiwaxia, an organism resembling a slug, thrived globally during the
Cambrian Epoch 2-Miaolingian. This taxon is distinguished by a dense
dorsal covering of non-biomineralized, imbricated sclerites arranged in
five zones (ventro-lateral, lower-lateral, upper-lateral, dorsal and ante-
rior) and a series of transverse rows across the body. Each sclerite was
attached to the body wall via a prominent root (Conway Morris, 1985),
the morphology of which varies depending on zone membership (Con-
way Morris, 1985; Smith, 2014). Dorsal spines began to develop in the
type species W. corrugata once the body length reaches 8-16 mm (Smith,
2014), and functioned as defensive armors (Conway Morris, 1985).
Sclerites of Wiwaxia periodically sloughed off and were replaced by new,
larger ones with slight sclerite morphological modifications during their
ontogeny (Bengtson and Conway Morris, 1984; Conway Morris, 1985).
The peculiar appearance of Wiwaxia has intrigued palaeontologists for
decades to unravel their evolutionary mysteries.

The sclerite character, involving microvilli secretion and forming a
distinctively striated internal microstructure, classifies Wiwaxia within

the lophotrochozoan total group (Butterfield, 1990). However, its pre-
cise phylogenetic position has long been a subject of controversy. The
main debate surrounded whether Wiwaxia belonged to polychaete an-
nelids based on sclerite structure and histology (Butterfield, 1990;
Butterfield, 2006), or to molluscs based on radula and creeping foot
(Caron et al., 2006; Smith, 2012, 2014). More recent investigations have
assigned Wiwaxia to the stem group of annelids+molluscs (Zhang et al.,
2015). Despite its classification, Wiwaxia was likely a close relative of
either molluscs, annelids, or their last common ancestor, making it a
valuable proxy for the last common ancestor(s) of Annelida and
Mollusca.

Articulated specimens play a crucial role in comprehending the
biological, ecological, and phylogenetic aspects of Wiwaxia, yet they are
rare in the fossil record, having been unearthed from only six localities
in South China (Zhao, 2011; Yang et al., 2014; Zhang et al., 2015),
Laurentia (Conway Morris, 1985; Conway Morris et al., 2015), and
Siberia (Ivantsov et al., 2005a). There is also a potential presence in
Australia (Porter, 2004, p.588), although the relevant material has not
yet been published. Here we report a new species, Wiwaxia douposiensis
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sp. nov., identified from an articulated Wiwaxia specimen and several
isolated sclerites from the Douposi Formation (Cambrian Stage 4),
Yunnan Province, South China. The materials uncovered contribute
novel insights into morphological variations and taphonomic charac-
teristics. Additionally, we provide a summary of the spatiotemporal
distributions, as well as the diversity of Wiwaxia, shedding new light on
its dispersal history and morphological plasticity.
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2. Geological setting

The Douposi Formation is well exposed in East Yunnan, South China,
exhibiting a thickness ranging from 3 to 120 m (Luo et al., 1993).
Deposited in subtidal to tidal flat environments (Xiang et al., 1999), this
succession is characterized by fine-grained siliciclastic sediments and
carbonates. It conformably overlies the Shanyicun Formation and un-
derlies the Shuanglongtan Formation. Stratigraphically, it spans the
boundary between the Cambrian Series 2 and Miaolingian (Luo et al.,
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Fig. 1. (a) Location of Yunnan Province in China. (b) Geological map of the Yiliang area, and the red star indicating the location of Longzhaosi section (modified
from Luo et al., 1993). (c) Lithostratigraphic column of the Douposi Formation at Longzhaosi section and the sampling level. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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1993; Peng, 2020). Two trilobite biozones within the Douposi Forma-
tion have been identified: the lower Kunmingaspis-Chittidilla Zone
(Cambrian Stage 4) and the Upper Sinoptuchoparia Zone (Cambrian
Wauliuian).

The examined Douposi Formation in the Longzhaosi section, situated
near Longzhaosi in Yiliang County, the eastern part of Yunnan Province
(N 24°49'6.7512", E 103°11'53.592"; Fig. 1a, b), was initially described
and measured by Luo et al. (1993). This sequence, 59 m thick, comprises
two lithologic members: the Lower Member, dominated by yellow to
yellowish-green shales, siltstones, and fine-grained sandstones; the
Upper Member, characterized by greyish thin-bedded limestones and
dolostones (Fig. 1a). Wiwaxia specimens were collected from the lower
siliciclastic Member of the Douposi Formation, and trilobites from the
same interval indicates the Kunmingaspis — Chittidilla Zone (Fig. 2a, b).
The Wiwaxia-bearing interval also yields algae (Fig. 2c), abundant trace
fossils (e.g. Fig. 2d), articulated brachiopods (Fig. 2e, h) with soft parts

5mm
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including visceral organs (Fig. 2f), setae (Fig. 2g) and a possible pedicle
(Fig. 2h), Scenella (Fig. 2i), echinoderms (Fig. 2j), a diverse array of non-
trilobite arthropods (e.g. Fig. 2k), a ventulicoliid with soft organs
(Fig. 21), tubular worms (Fig. 2m), and other problematic organisms
with uncertain affinity. This new assemblage represents a Burgess Shale-
type Lagerstatte, warranting further exploration and research.

3. Material and methods

Fourteen specimens of Wiwaxia were available, including one artic-
ulated specimen with its part and counterpart slabs, while the remaining
specimens consisted of isolated sclerites. All fossil specimens described
in this study are curated at the Nanjing Institute of Geology and Palae-
ontology, Chinese Academy of Sciences (NIGPAS).

Examinations and photographs were conducted using a standard
light microscope (Zeiss Stemi 508), a Carl Zeiss SteREO Discovery

Fig. 2. Animals yielded from the Wiwaxia-bearing succession in Douposi Formation, Longzhaosi section. (a) Cephalon of trilobite Kunmingaspis, NIGP 203478. (b)
Cephalon of trilobite Chittidiella, NIGP 203479. (c) Alga, NIGP 203480. (d) Trace fossils, NIGP 203481. (e) Articulated acrotretoid brachiopods with the right one
preserved soft parts, NIGP 203482; white box indicates the position of (f) and black box indicates the location of (g). (f) Visceral organs. (g) Setae located at shell
margin. (h) Pyritized linguloid brachiopod with a possibly illy preserved pedicle, NIGP 203483. (i) Scenella, NIGP 203484. (j) Arms of eocrinoid echinoderm, NIGP
203485. (k) An undetermined hymenocarine arthropod, NIGP 203486. (1) An unnamed ventulicoliid species with soft organs, NIGP 203487. (m) Tubular animal,

NIGP 203488. Abbreviations: pe, pedicle.
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microscope (Axio Zoom V16), and a field emission scanning electron
microscope (FSSEM; instrument model TESCAN MAIA 3 GMU) equipped
with energy dispersive X-ray spectroscopy (EDX). These analyses were
carried out in the Experimental Technologies Center of NIGPAS. Spec-
imen NIGP 203489 underwent additional examination using a micro-
region X-ray fluorescence spectrometer (micro-XRF; instrument model
Bruker M4 Plus Tornado) at Shanghai Boyue Instrument Co., LTD. II-
lustrations and photographs were produced and edited using Coreldraw
2018 and Adobe Photoshop 2020. Specimens were measured using

Global and Planetary Change 239 (2024) 104507

ImageJ 1.47 V software, and statistical data were analyzed in Microsoft
Excel (version 2403) and Origin 2018.

Palaeogeographic and stratigraphic distributions of Wiwaxia were
derived from previously published works (Conway Morris, 1985; Zhao
et al., 1994; Porter, 2004; Ivantsov et al., 2005a, 2005b; Fatka et al.,
2011; Harvey and Butterfield, 2011; Zhao, 2011; Butterfield and Har-
vey, 2012; Harvey et al., 2012; Pedder, 2012; Palacios et al., 2014; Sun
et al., 2014; Yang et al., 2014; Conway Morris et al., 2015; Zhang et al.,
2015; Zhao et al., 2015; Smith et al., 2016; Slater et al., 2017).

Fig. 3. Wiwaxia douposiensis sp. nov., articulated specimen from the Douposi Formation in Longzhaosi section, NIGP 203489. (a) Image captured under natural
lighting; arrowheads indicate the inferred rows of transversely arranged sclerites; boxes denote the position of (b-e). (b, ¢) Magnification of the boxed area in (a)
showing structures of upper-lateral sclerites. (d, e) Enlarged view of the boxed area in (a); ventral-lateral sclerites with ribs. (f) Interpretive illustration. (g)
Enrichment of iron (Fe) observed by EDX. (h) Backscattered electron (BSE) image. (i) Close-up of the marked area in (h) showing ribs. (j) Enlarged view of the boxed
area in (i); ribs are composed of octahedral pyrites. (k) Detail of octahedral pyrites. Abbreviations: ant, anterior; as, anterior sclerite; ct, connective tissue; ds, dorsal
sclerite; lls, lower-lateral sclerite; pos, posterior; rb, rib; ro, root; sm, sclerite margin; uls, upper-lateral sclerite; vls, ventro-lateral sclerite.
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The phylogenetic analysis data matrix consists of 10 taxa and 18
characters (Supplementary Data). Taxa or sclerites were selected based
on clear and distinguishable characters. We generated topologies for
weighted analyses, with inapplicable states treated as “missing” coding.
A range of k values (1, 2, 4 and 10) were used to conduct implied-
weight-based cladograms, and their results were identical or similar.
Here, we only discussed the analyses using k = 2. Data set was run in
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PAUP* v4.0a169 (Swofford, 1998), and tree construction was based on
parsimony, treating all characters as unordered. Analysis was set to be
root on Wiwaxia foliosa + W. papilio for their substantially earlier age
than other taxa. A heuristic search was set using 10,000 additional
sequence replicates with tree-bisection-reconnection (TBR) branch-
swapping algorithm. A strict consensus tree was used to summarize
the results of parsimony analyses. Cladograms were edited in FigTree

Fig. 4. Isolated sclerites of Wiwaxia douposiensis sp. nov. from the Douposi Formation in Longzhaosi section. (a-d) Ventro-lateral sclerites; NIGP 203490 for (a), NIGP
203491 for (b), NIGP 203492 for (c), Ventro-lateral sclerite, NIGP 203497 for (d). (e, f) Lower-lateral sclerites; NIGP 203494 for (e) and NIGP 203495 for (f). (g)
Dorsal sclerite, NIGP 203496. (h) Ventro-lateral? sclerite NIGP 203493. (i) Enlarged view of boxed area in (h), exhibiting ribs; red arrowheads indicate thicker ribs
and yellow arrowheads indicate finer ribs. (j) Details of the thicker (red arrowhead) and finer ribs (yellow arrowheads) in the black box of (i). (k) Close-up of the area
in the white box in (i), showing cracked carbon film and oxidized framboid pyrites. Abbreviations: cf., carbon film; fp, framboid pyrite. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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vl.4.4.
4. Systematic palaeontology

Family Wiwaxiidae Walcott, 1911

Genus Wiwaxia Walcott, 1911

Type species Wiwaxia corrugata (Matthew, 1899), Cambrian Wuliuan
Burgess Shale Member, Stephen Formation, British Columbia, Canada.

Wiwaxia douposiensis sp. nov.

Etymology. Species name was derived from the stratigraphic interval
where the fossils were discovered.

Holotype. NIGP 203489 (Fig. 3), an articulated specimen.

Paratype. NIGP 203493 (Fig. 4h-j), a two order rib-bearing sclerite.

Diagnosis. Complete individual is ovoid in dorsal view. Two-order of
sclerite ribs: two prominent ribs interspersed with thin ribs on sclerites
measuring 2-6 mm in length. The sclerites are relatively slender, and
exhibit lower width to length ratios, with upper lateral sclerites
appearing wider relative to body length, distinguishing them from other
species (Fig. 5).

Stratigraphy and locality. Specimens were collected from the
yellowish-green shales, siltstones, and fine-grained sandstones of the
Douposi Formation at the Longzhaosi section, belonging to the Kun-
mingaspis — Chittidilla Zone (Cambrian Stage 4), Yiliang County,
Kunming City, Yunnan Province, China.
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Description. The singular articulated specimen preserved in dorsal
view, exhibits an ovoid shape (Fig. 3a, f, g, h). This individual measures
around 7.2 mm in length and is adorned with imbricated sclerites, likely
arranged in eight transverse rows (Fig. 3a). No spines are observed. The
most distinct elements are the ventro-lateral sclerites, which are closely
spaced, and inclined posteriorly (Fig. 3a, d, e). Well-preserved ones
exhibit sickle-shaped characteristics near the posterior end (Fig. 3a, d),
with the remains displaying moderate preservation (Fig. 3a, €). Some of
the ventro-lateral sclerites preserved ribs (Fig. 3d, e). One series of
upper-lateral sclerites preserved with a total of six recognizable (Fig. 3a,
f), and the upper four preserved two prominent ribs (Fig. 3b, c),
potentially their roots, with one possibly preserving a connective tissue
(Fig. 3b). These partially buried sclerites are symmetrical, featuring two
major ribs and pointing backward at an angle of ca. 46° from the central
axis of the body. Other sclerites covering the dorsal and lateral regions
are challenging to identify due to superposition and taphonomic bias,
with some of their margins difficult to distinguish from ribs. Nonethe-
less, several sclerites can be inferred by their positions and rib directions
(Fig. 3f).

In addition to the articulated specimen, 13 isolated sclerites were
also found. The ventro-lateral sclerites are asymmetrical, and some are
cultrate (Figs. 4a-c, 5; length = 3.04-7.69 mm, width = 0.56-2.45 mm,
length/width = 5.4-6.5), bearing a stout root with a broad base (Fig. 4b;
0.43 mm long, maximum basal width is 0.27 mm) or bearing a long and
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slender tubular root (Fig. 4c; length = 0.4 mm, width = 0.1 mm),
whereas some are more rounded (e.g. Fig. 4d; length = 4.04 mm, width
= 1.23 mm, length/width = 3.28). Two lower-lateral sclerites are oval
with pointed tips (Fig. 4e, f), measuring around 1.85 and 5.85 mm in
length, and 0.63 and 2.39 mm in width, resulting in length/width ratios
of 2.9 and 2.4; one of them experienced slight post-mortem deformation
due to lateral compression (Fig. 4e); another one preserved two
incomplete major ribs and a partial root (Fig. 4f). One sclerite,
measuring 3.42 mm long and 1.13 mm wide (length/width = 3.01),
displays a transitional morphology of an asymmetrical ventro-lateral
sclerite and a symmetrical lower-lateral sclerite (Fig. 4h); its tubular
root is 0.68 mm long, 0.43 mm wide, and slightly expanded at the base;
the sclerite surface is covered by faint longitudinal ribs, with a count can
reach over 10 (Fig. 4i, j, rib interval 40-97 pm); although the thick and
thin ribs may not be easily distinguishable on this specimen, considering
the presence of two prominent ribs in some other sclerites (e.g. Figs. 3a-c
and 4f), Wiwaxia in this study likely bears a two-order rib pattern. A
single dorsal sclerite is available but lacks a preserved root (Fig. 4g). This
specimen is slightly asymmetrical and reaches its maximum width at the
lower-middle part (length = 2 mm, maximum width = 0.79 mm, length/
width = 2.5).

Remarks. Wiwaxia douposiensis resembles W. papilio (Zhang et al.,
2015), W. foliosa (Yang et al., 2014) and juveniles of W. corrugata
(Smith, 2014), in terms of absence of spines, body shape, and sclerite
general outline and distribution (Figs. 3, 5). However, the new materials
also exhibit differences with the above three species in: (1) having lower
sclerite width/length ratios (Fig. 5a, b, d); (2) possessing slightly wider
upper-lateral sclerites relative to axial body length (Fig. 5¢). In terms of
longitudinal striations, W. douposiensis exhibits two-order ribs. Howev-
er, the thin ribs, although present, are less frequently preserved and
more challenging to observe compared to their prominent counterparts.
The fainter ribs are only discernible on one isolated sclerite (Fig. 4h).
The same rib pattern also occurs in W. corrugata (Butterfield, 1990, fig.
3a, b and d; Harvey et al., 2012; Zhao et al., 1994, and on sclerites from
Monastery Creek Formation (Porter, 2004, fig. 11.7), Earlie Formation
(Butterfield and Harvey, 2012, fig. 1H) as well as Mount Cap Formation
(Harvey and Butterfield, 2011, fig. 7a; Butterfield and Harvey, 2012, fig.
1A); although, rib number and interval vary. In contrast, sclerites of
W. papilio, W. foliosa and that from Monastery Creek Formation have a
single order of ribs (Porter, 2004, fig. 11.8, 11.11; Yang et al., 2014;
Zhang et al., 2015). However, the presence of a single-order rib pattern
could be due to a taphonomic artifact where thin ribs are barely pre-
served, a phenomenon observed in most specimens in this study, or it
may reflect a situation similar to that seen in W. corrugata. In
W. corrugata, the appearance of “two-order” and “one order” morphol-
ogies depends on whether one is examining small fossils films (SCFs) or
larger macrofossils preserved within bedding planes (Butterfield, 1990;
Butterfield and Harvey, 2012; Smith, 2014). For lack of evidence to
support above notion, we rely on the original descriptions of W. papilio
and W. foliosa (Yang et al., 2014; Zhang et al., 2015). The shortage of
comparative specimens of W. douposiensis hampered detailed compari-
son with other species.

5. Preservation

The presence of the articulated Wiwaxia douposiensis suggests rapid
burial, either while alive or shortly after death. Alternatively, their
sclerites may readily detach following mild oxidation, akin to the
characteristics observed in polychaete annelids (Butterfield, 1990).
Substantial decomposition of the organism occurs post-burial; other-
wise, maintaining the complete articulated individual intact would be
challenging. Isolated sclerites are found scattered on bedding planes,
suggesting that either they were shed scales, or the organisms under-
went significant decay before burial, possibly experiencing trans-
portation and/or current disturbance. Wiwaxia specimens are preserved
through carbonaceous films and/or pyritization subsequently replaced
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by iron oxides (Figs. 3, 4), which are typical taphonomic pathways in
Burgess Shale-type lagerstatten, especially in the Chengjiang biota (e.g.
Gabbott et al., 2004; Zhu et al., 2005; Butterfield et al., 2007; Gaines
et al., 2008, 2012).

Various pyrite textures reflect variations in the environmental con-
ditions within the porewaters (Grimes et al., 2002), and pyrite oxidation
has little effect on redox assessment (Chang et al., 2020). Preservation of
isolated sclerites is characterized by both carbonaceous films and
framboidal pyrites (Fig. 4a-h, k). The diameter of these framboidal py-
rites ranges from 6.1 pm to 11.4 pm (n = 32, average = 8.8 um, standard
deviation = 1.33, coefficient of skew = 0.24), and individuals over 10
pm constitute around 22%, suggesting a dysoxic microenvironment
based on various criteria concerning the redox conditions and their
corresponding features of pyrite framboids (Wilkin et al., 1996; Bond
and Wignall, 2010; Wei et al., 2016; Chang et al., 2020). The rapid decay
of sclerites might have served as favorable substrates fostering the ac-
tivity of sulfate-reducing bacteria, leading to the generation of hydrogen
sulfide (HS) from sulfate in seawater and the formation of pyrite nuclei
(Briggs et al., 1996; Gabbott et al., 2004). Additionally, elevated iron
concentrations in pore-water solutions and minimal organic content in
the sediment likely enabled the production of framboidal pyrites
restricted on animal tissues (Briggs et al., 1996; Gabbott et al., 2004).
Furthermore, the euhedral outline without microcrystals (Fig. 4k) sug-
gests that these framboidal pyrites experienced recrystallization and
evolved into the final stage during later diagenesis (Merinero et al.,
2008).

The articulated Wiwaxia has a high concentration of iron, which is
especially enriched in sclerite margins and the area near the roots
(Fig. 3g). The ribs and margins of sclerites are outlined by densely ar-
ranged oxidized octahedral pyrites (Fig. 3i-k). These minerals have a
wide range of grain sizes, varying from 0.9 ym to 10. 3 pm with an
average of 5 pm (n = 105). The alignment, euhedral morphology, and
absence of framboidal pyrites indicate an ideal condition for diffusion of
FeS(aq) complex (Gabbott et al., 2004), e.g. low concentration of HjS,
longer crystallization time, and more reduced eH (Grimes et al., 2002;
Gabbott et al., 2004). During subsequent diagenesis, euhedral pyrites
were oxidized within oxic porewaters.

6. Discussion
6.1. Geological and ecological distributions of Wiwaxia

This research enhances our temporal and spatial understanding of
Wiwaxia. Since Wiwaxia's first identification in the middle Cambrian
Burgess Shale biota (Walcott, 1911), it has been documented on seven
paleocontinents and in 22 deposits spanning from Cambrian Series 2
Stage 3 to Miaolingian Guzhangian (Figs. 6, 7). While wiwaxiid-like
sclerites have been described from the Ordovician (Kimmig et al.,
2019), potentially extending the distribution of Wiwaxia, their precise
affinity awaits further evaluation. Hitherto, Laurentia boasts the most
occurrences of Wiwaxia, ranging from Cambrian Stage 4 to Guzhangian
(Fig. 6), with fossil records primarily from Canadian deposits (Conway
Morris, 1985; Butterfield, 1994; Harvey and Butterfield, 2011; Butter-
field and Harvey, 2012; Smith, 2014). Meanwhile, the Nolichucky Shale
in the USA yields the youngest record of this taxon (Pedder, 2012).
South China holds the second-highest number of fossil occurrences and
records the earliest known appearance of Wiwaxia in the Cambrian Stage
3 Chengjiang Lagerstatte (Fig. 6; Zhang et al., 2015; Zhao et al., 2015).
Other reports are scattered across NW Gondwana (Fatka et al., 2011;
Palacios et al., 2014), Baltica (Slater et al., 2017), Siberia (Ivantsov
et al., 2005a, 2005b), Australia (Porter, 2004), and South America
(Smith et al., 2016). Among these records, small carbonaceous fossils are
the most common forms, constituting over 50%, followed by around
44% of fossils compressed in shales that yield Burgess Shale-type biotas.
Phosphatic casts of Wiwaxia sclerites are relatively rare (Fig. 6).

The origin of Wiwaxia remains a mystery. Molecular clock analysis
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Fig. 6. Stratigraphic distribution of Wiwaxia.

indicates that lophotrochozoans diverged in the early Ediacaran (Erwin
et al., 2011; dos Reis et al., 2015). However, unequivocal fossil record
shows a Cambrian origin of most lophotrochozoan lineages (Kouchinsky
et al., 2012; Budd and Jackson, 2016). Halkieriids, another challenging
lophotrochozoan group characterized by multi-plated scleritomes with
biomineralization, were grouped with wiwaxiids to form a novel cat-
egory—halwaxiid (Conway Morris and Caron, 2007). However, this
proposition has faced challenges in subsequent works (Zhao et al.,
2017). Halkieriid sclerites are pervasive in the early Cambrian small
shelly fossils (He et al.,, 2023 and references therein). In contrast,
Wiwaxia sclerites are notably absent in both Ediacaran and Cambrian
Terreneuvian fossil assemblages (Slater et al., 2017; Slater and Bohlin,
2022). If the absence observed is not attributable to sampling or taph-
onomic bias, it is highly probable that Wiwaxia had not yet evolved
during that period. In this case, it can be inferred that the Wiwaxia body
plan originated during the Cambrian Age 3. Currently, there have been
no reported deposits of Wiwaxia outside of South China from the same
time period. Despite the presence of the Sirius Passet Lagerstatte in
North Greenland, which is a Burgess Shale-type fauna from the
Cambrian Age 3 and situated in an outer shelf environment (Harper
et al.,, 2019), no Wiwaxia has been discovered since 1984 (Conway
Morris et al., 1987; Harper et al., 2019). Moreover, Wiwaxia is absent in
the deep-water deposits of Cambrian Stage 3 in South China, such as the
Niutitang, Hetang and Huangboling Formations, which are located in
slope environments and contain sponge faunas (Wu et al., 2005; Xiao

et al., 2005; Yang et al., 2005). Although sampling bias cannot be
definitively ruled out, based on the presently known assemblages
(Figs. 6, 7), a tentative biogeographical pattern is proposed. These ani-
mals might have originated in the shallow-water of South China under a
humid warm climate (Figs. 6, 7; Zhang et al., 2015; Zhao et al., 2015). In
addition to thriving endemically, Wiwaxia began to spread to nearby
plates from the end of Cambrian Age 3, i.e. Gondwana, Siberia,
Australia, and Baltica (Figs. 6, 7). Simultaneously, they expanded into
and occupied deep-water ecospaces, e.g. the Qingxudong
(=Tsinghsutung) Formation (Sun et al., 2014) and the Sinsk biota
(Ivantsov et al., 2005b). Since the middle-late Cambrian Age 4, Wiwaxia
had rapidly spread in Laurentia (Figs. 6, 7). The Cambrian Stage 4
witnessed the peak of population dispersal and migration of this genus
(Fig. 6). During early Drumian, some individuals already thrived in
high-latitude, dry and cold regions (Smith et al., 2016). The worldwide
distribution and strong environmental adaptability suggest epi-benthic
Wiwaxia had planktonic larvae, able to survive in a wide range of
ecological constraints.

Despite Wiwaxia being common in the fossil record, articulated in-
dividuals are scarce and only yielded from seven localities, including
South China Chengjiang, Xiaoshiba, Douposi, Kaili Lagerstatten, Lau-
rentia Spence Shale and Burgess Shale Lagerstatten, and Siberia Sinsk
Lagerstatte (Figs. 6, 7). The Australia Emu Bay Shale potentially harbors
another presence of articulated Wiwaxia (Porter, 2004, p.588); however,
as of now, no formal publication on this finding is available. Among
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these articulated fossils, individuals from shallow-water settings
(Chengjiang, Xiaoshiba and Douposi) are under 9 mm and lack spines
(Yang et al., 2014; Zhang et al., 2015), comparable to those of
W. corrugata juveniles (Smith, 2014). In contrast, it is easier to find ar-
ticulated individuals belonging to Wiwaxia adults from deep-water set-
tings, e.g. Kaili, Spence Shale and Burgess Shale biotas (Conway Morris,
1985; Smith, 2014; Sun et al., 2014; Conway Morris et al., 2015). The
absence of larger articulated specimens in these shallow waters was
suggested to result from taphonomic bias, as larger individuals with low
density are easier to be transported or disarticulated (Yang et al., 2014),
or from a failure to reach maturity through migration or predation
pressure on adults (Zhang et al., 2015). However, isolated sclerites from
the Douposi Formation (Fig. 4c), Chengjiang fauna (Zhao et al., 2015)
and File Haidar Formation (Slater et al., 2017) indicate the presence of
adults. Therefore, the lack of complete adults in shallow waters is more
likely a taphonomic artifact relating to specific preservational condi-
tions. Alternatively, early originated species are neotenic, and dorsal
spines are a derived character, but this assumption needs more material
to verify.

6.2. Morphological diversity of Wiwaxia

Evaluating the morphological diversity of Wiwaxia is challenging
due to sampling biases and the predominance of isolated sclerites in the
fossil record. Nevertheless, existing data can still reveal some measur-
able morphologies based on detailed sclerite characteristics, providing a
certain level of reference value (Figs. 5, 8). Articulated specimens
indicate that the general body plan of Wiwaxia is relatively conserved,
characterized by body shape, differentiation of distinct zones, and the
arrangement of sclerites in rows (Yang et al., 2014). Moreover, in
measurable species (Fig. 5), robust linear correlations exist between
non-ventro-lateral sclerite width and length (R2 = 0.9319), ventro-
lateral sclerite width and length (R? = 0.9184), as well as axial body
length and upper-lateral sclerite width (R? = 0.7682).

Beyond these common features, various diagnostic characteristics of
sclerites have been described, including the number of transverse rows,
aspect ratios, ornamentation of pits or tubercles, ribbing number and
pattern, and distal collars (Butterfield, 1990; Porter, 2004; Butterfield
and Harvey, 2012; Harvey et al., 2012; Smith, 2014; Yang et al., 2014;
Zhang et al., 2015). However, their roles in evaluating diversity and
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differentiating clades within Wiwaxia remain uncertain.To address this,
we produced a cladogram using parsimony analysis based on current
knowledge (Fig. 8). W. papilio and W. foliosa, which originated during
the Cambrian Age 3, were designated as the root group, distinguishing
by their single-order ribs devoid of sclerite ornamentation. W. sp. (FH),
bearing a distal collar without ornamentation, cannot be distinguished
from these two species. W. sp. (MC2) is characterized by single-order
ribs and pits on sclerites, bridging taxa with single-order ribs devoid
of ornamentation and those with a two-order rib pattern and tubercle
ornamentation. W. douposiensis is grouped with W. corrugata (KL, BS) by
their two-order ribs, likely evolved as an adaptation to enhance scale
thickness and reinforcement. The number of transverse rows of sclerites
and aspect ratios of non-ventro-lateral sclerites also contribute to the
classification of these three taxa. Other isolated sclerites of MCa, MC1
and EF cannot be distinguished from them.

The results indicate that rib pattern, ornamentation (pits or tuber-
cles), aspect ratio, and the number of transverse rows of sclerites are
informative characters in cladistic taxonomy, whereas the role of the
distal collar appears less significant. The significance of spine charac-
teristics remains unexplored in this study, necessitating further
evaluation.

In summary, Wiwaxia exhibits a degree of phenotypic variability.
However, it is evident that the current analysis is far from exhaustive,
and the resolution is low (Fig. 8). Enhancing the precision of Wiwaxia
taxonomy, diversity, and phylogenetic analyses heavily depends on the
availability of better-preserved materials. It is challenging but crucial to
determine whether character variations are ontogenetic, intraspecific,
or interspecific differences in future work. Investigating the mechanisms
underpinning morphological variation, such as ecological plasticity and
convergence, also remains a significant research interest.

7. Conclusions

(1) The new species Wiwaxia douposiensis from the Cambrian Stage 4
Douposi Formation includes an articulated specimen (<8 mm
long, without spine) and 13 isolated sclerites. The examined
sclerites exhibit a distinctive two-order rib pattern and larger
length/width ratios compared to other measurable existing
species.
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(2) Preservation of specimens involves carbonaceous film and pyri-
tization. The articulated specimen, featuring densely arranged
oxidized octahedral pyrites, suggests a rapid burial in a micro-
environment with a low concentration of HjS, longer crystalli-
zation time, and more reduced eH. Isolated sclerites, interpreted
as shed scales or the result of significant decay prior to burial,
exhibit characteristics of oxidized framboidal pyrites, indicating
entombment in a dysoxic microenvironment.

Discovery of Wiwaxia douposiensis enriches our understanding of
the spatial and temporal distributions of these animals. If not
influenced by sampling and taphonomic bias, the appearance of
Wiwaxia no earlier than the Cambrian Age 3 suggests that these
animals diversified during the peak of the Cambrian Explosion.
They likely originated in shallow water under humid and warm
conditions in South China before spreading to other continents,
and adapting to various environments, including deep-water
settings, and dry and cold climates, with a dispersal peak dur-
ing Cambrian Age 4.

Statistical analysis reveals that Wiwaxia maintains a conservative
body plan and consistent sclerite aspect ratios. However, indi-
vidual species exhibit diversity in sclerite characteristics. Despite
the low resolution, cladogram analysis suggests a degree of
morphological plasticity within Wiwaxia. Rib patterns, sclerite
aspect ratios, ornamentation, and the number of sclerite rows are
informative features for cladistic taxonomy. To enhance the
precision of classification, diversity assessment, and phylogenetic
analysis of Wiwaxia, better-preserved materials are essential.
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